The effect of turbulence on the dynamics of three-dimensional dam break flow is numerically investigated on the basis of the incompressible Reynolds-averaged NavierStokes (RANS) equations with the volume of fluid (VOF) function. It is found that the tip velocity over the ground and the impact pressure on the vertical wall in the LaunderGibson (LG) model are in good agreement with experimental results. The dynamics of the dam break flow is subject to the viscous dissipation during the collapse of the flow, which is underestimated in the laminar model and overestimated in the realizable k − (RKE) model. The turbulent viscous dissipation near the free surface is comparable to that in the water in the LG model.
Introduction
Seismic motions that are greater in magnitude than the design basis seismic ground motion, determined in accordance with the former Japanese Regulatory Guide for Reviewing Seismic Design of Nuclear Power Reactor Facilities, have been observed in the vicinity of a nuclear power plant (NPP) (1) . Therefore, robust measures are required to ensure the safety of NPPs. The Center for Computational Science and E-systems (CCSE)/JAEA has been promoting research and development for designing a virtual plant vibration simulator on interconnected supercomputers on the basis of structural analysis (2) . Recently, we have started upgrading the simulator by considering seismic fluid flow in NPPs in order to comprehensively evaluate the seismic safety of NPPs (3) .
At a NPP, spent fuel from the reactor is temporarily stored in a pool of water called spent fuel pool. During an earthquake, the water surface in the pool will undergo dynamic and complex deformation (i.e., sloshing is induced). This sloshing may lead to the overflow of the radioactive water and damage to the pool and the structure attached to the pool by increasing the fluid pressure. To preclude such an occurrence, it is important to estimate sloshing height and fluid pressure on the structure. Conventionally, the velocity potential analysis has been adopted as a theoretical method to estimate the maximum sloshing height (4) .
When the sloshing is sustained for a long time, dynamic and complex deformation of free surface is induced and turbulent behavior is not negligible.
In such a situation, the conventional analysis is not valid. To address this issue, numerical simulations based on eddy viscosity (EV) turbulence models have been performed (5) (6) , espesially by Sakai (7) . The sloshing height and pressure are well in agreement with experimental results in early stage of nonlinear sloshing. As the sloshing is fully developed, however, numerical results tend to deviate from experimental results. We thought that its accuracy is sufficient for isotropic turbulence is insufficient when turbulent eddies transform flat near free surfaces and walls. This inaccuracy could be attributed to the fact that only three components of Reynolds stress are determined in the EV turbulence models. In this study, we have numerically compared the EV model with the second-order moment closure (SMC) model in order to elucidate anisotropy of turbulent eddies on the dynamics of two-phase flow. As a first step, a three-dimensional dam break flow is employed as an elementary process of the nonlinear sloshing. Here, the realizable k − (RKE) model is employed as an EV model and the Launder-Gibson (LG) model is sampled as a SMC model.
We found that the tip velocity and impact pressure are accurately predicted by the LG model. The viscous dissipation is underestimated in the laminar model and overestimated in the RKE model. The turbulent viscous dissipation near the free surface is comparable to that in water in the LG model.
The remainder of this paper is organized as follows. First, we present the model equations used in this study. The numerical method and settings are described in the following section. Next, we present the numerical results of laminar and turbulent dam break flows, and we compare them with experimental results. Finally, the conclusion is provided in the last section.
Model Equations
In this study, two-phase flow is represented as a combination of the single phase flow model and a surface-tracking method. First, we present a model equation for two-phase flow without the effect of turbulence, i.e., the laminar model.
Next, we present two-phase turbulence models. The model equations for two-phase turbulence have been derived on the basis of model equations for single phase turbulence. Single phase turbulence models are classified according to the range of spatio-temporal scales that are resolved. Owing to the low computational cost, the Reynolds-averaged Navier-Stokes (RANS) equations have been used in standard turbulence models, which are divided into two categories: EV models and SMC models. In this study, the RKE model (8) and the LG model (9) are employed as an EV model and an SMC model, respectively.
Laminar Model
A set of model equations in MKS units is given by the two fundamental principles of conservation, i.e., the principle of mass conservation and the principle of momentum conservation,
where ρ denotes the density, u i , the fluid velocity, f i is the body force per unit volume and
is the deformation stress tensor, respectively.
Realizable k − (RKE) Model
We introduce the Reynolds decomposition, A i =Ā i +Ã i , whereĀ i is the mean part andÃ i is perturbation part. Here, we assume the Reynolds average rule,Ā i = 0,Ã iĀ j = 0,Ā i =Ā i . Substituting the decomposition into Eqs. (1) and (2), we can obtain equations for mean part
where the nonlinear term τ i j =ũ iũ j is the Reynolds stress. The momentum transfer caused by turbulent eddies can be modeled by an eddy viscosity in the Boussinesq approximation. In the Boussinesq assumption, the Reynolds stress tensor is Journal of Power and Energy Systems Vol.6, No.2, 2012 proportional to the traceless mean strain rate tensor and can be written in the following way, τ i j = 2 3 δ i j k − ν tDi j , where k =ũ iũi is the kinetic energy of velocity perturbation, ν t = μ t /ρ is the dynamic eddy-viscosity coefficient. Then, Eq.(4) becomes
The dynamic eddy-viscosity coefficient is represented as ν t = C μ k 2 / by dimensional analysis.
Equations for k and are
where
is turbulence production term, and
) and C 2 = 1.9.
Launder-Gibson (LG) Model
The LG model consists of evolution equations for the Reynolds stress tensor and the turbulent dissipation rate,
is the turbulence production tensor and
i j is the correction term between the pressure and the strain, where
and i j = 2 3 δ i j is the dissipation term,
are dissipation flux due to perturbations of the velocity, the pressure and the viscosity, respectively, where 
Numerical Method and Settings
In this work, Volume Of Fluid (VOF) method (10) is employed as the surface tracking method. A single set of turbulence equations is solved and shared by the fluids and for the additional phase, its volume fraction γ is tracked throughout the domain. The phase volume fraction γ is mainly divided into three parts, i.e., (1) 0 < γ < 1: when the infinitesimal volume contains the free surface between each fluid, (2) γ = 0: volume occupied by purely gas, and (3) γ = 1 : volume occupied by purely liquid. The free surface between the species is not explicitly computed and the phase fraction can have any value between 0 and 1, the free
surface is never sharply defined, but occupies a volume around the region where a sharp free surface exists. A set of governing equations for the single fluid are as follows
where subscripts l and g refer to the liquid and the gas, respectively. The model equation is solved by using an open source computational fluid dynamics (CFD) platform known as OpenFOAM (11) . For turbulence model equations, although equations of the Reynolds stress, the kinetic energy and the turbulent dissipation are coupled together, they are solved with a segregated approach, which means they are solved one at a time.
The RKE and LG models are implemented in OpenFOAM as standard turbulence models. The geometry of the computational domain and initial setting of the three-dimensional dam break flow are shown in Fig.1 . The Cartesian coordinate system (x, y, z) is employed, where the x-axis is in the horizontal direction and the y-axis is in the vertical direction. 
Numerical Results and Discussions

Tip Velocity over a Horizontal Bed
The water column is influenced by gravitational acceleration (g = 9.81 [m/s 2 ]), which acts vertically downwards. At first, we examine the turbulence effect on collapse speed of the water column. The size of the water column is the same as that used in experiments by Martin and Moyce (12) experimental data are plotted as a circle. The tip speed in the laminar model is found to be faster than that by experimental result, which is consistent with the results of previous works (13) - (15) . The tip speed in the RKE model is slower than that obtained by experimental results and the numerical results using the LG model are in good agreement with the experimental results. This indicates the importance of estimation of the viscous dissipation in the free surface flow.
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Pressure on the Vertical Wall
In this subsection, the impact pressure of the dam break flow on the vertical wall is compared with the experimental results. The numerical condition is the same as that used by Hu (16) , where the simulation parameters are ( LG model. Next, we will check the numerical convergence in the z−direction since three dimensional motion should be captured in the turbulence modeling. and y directions are chosen to (N x , N y ) = (472, 96) in all cases. The blue line represents the laminar models, the green lines are the RKE models and the LG models are plotted by the red lines. It is found that the value of the first peak and the behavior between the two peaks are independent of the cell number. On the other hand, pressure behavior around the second peak depends on the cell number. In case (a) large pressure variation is observed due to the cell number. As the cell number increases, the pressure curve becomes more smooth and the pressure variation disappear in cases (b) and (c), suggesting that the cell number used in the Fig.5 is enough. It is generally considered that the SMC model requires additional memory and CPU time due to the increased number of differential equations of the Reynolds stress compared with the EV model to solve an unsteady flow problem such as collpse of the dam break flow. Here, we compare results for increased resolution for the RKE model such that the computational effort remains essentially constatnt with the LG model. Figure 7 plots comparison of the computation times for two turbulence models. The number of the total cell size is N and α = T LG /T RKE is the ratio of the CPU times in the LG model T LG [s] and that of the RKE model T RKE [s] . In all cases the CPU time in the LG model is longer than that in the RKE Fig. 7 The ratio of the CPU time in the LG model to that in the RKE model as a function of the total cell number.
model, however the computational effort in both models are of the same order of magnitude.
Physical mechanism of pressure difference in each model
In this subsection, we will discuss physical mechanism of pressure difference in each model. Figure 8 shows the volume fractions at t = 0.5 [s] in (a) the laminar model and (b) the LG model. It is found that the maximum height of the run up in the laminar model is higher than that in the LG model. This attributes to the difference of viscous dissipation between the two models. In addition, the spatial structure of the fluid along the z-direction is homogeneous and the fluid dynamics is almost two dimensional in the laminar model. On the other hand, in the LG model three dimensional property is prominent due to the axisymmetric components of the Reynolds stress. Consequently, the static pressure in the laminar model is higher than that in the LG model.
Next, we will examine the role of the viscous dissipation of the impact pressure against the wall. Multiplying by the velocity and integrating Eq.(2) over the entire volume, we can obtain the following balance equation for the total time derivative of the kinetic energy K
and V (lam) are contributions of the pressure gradient term, the potential energy term and the laminar viscous dissipation term, respectively. Similarly, equations for the RKE and the LG models are obtained by integrating Eq.(4),
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Vol.6, No.2, 2012 Figure 9 shows temporal evolutions of the total time derivative of the kinetic energy K and contributions of the pressure gradient term P, the potential energy term G and the laminar viscous dissipation term V in (a) the laminar, (b) the RKE and (c) the LG models. The pressure values of the first and the second peaks are almost same in the laminar and the LG models, however the pressure curve between the two peaks is different in the two models. This may attribute to not only dissipation during run up over the wall and also that during the collapse of the water column. Here, we focus on the pressure dynamics from the beginning of the collapse at t =0 [s] up to falling down the wall at around t=0. 7 [s] . It is found that in the laminar model the laminar viscous dissipation term is much smaller than the potential energy term and the dynamics of the dam break flow is almost driven by the potential energy.
On the other hand, in the RKE and the LG models the turbulent viscous dissipation term is comparable to the potential term. The total derivative of the kinetic energy term is represented as the potential term subtracted by the turbulent viscous term. As a consequence, the height of the run up in the LG model is smaller than that in the laminar model. And it is also found that the kinetic energy is excessively dissipated through the viscous dissipation in the RKE model. Figure 10 shows the total time derivative of the kinetic energy and the viscous dissipation term in the laminar and the LG models. It is found that the viscous dissipation between the two models becomes prominent before the dam break reaches the wall and the time derivative
Vol. 6, No.2, 2012 term in the laminar model is almost same to that in the LG model during the dam break flow runs up the wall. This result indicates that the pressure difference mainly attributes to the viscous dissipation during the collapse of the dam break flow. 
Conclusions
In this work, we have numerically investigated the three-dimensional dam break flow to elucidate the effect of turbulence on the dynamics of the two-phase flow. The RKE model is employed for the EV model and the LG model is chosen to the SMC model. It is found that the tip velocity by the LG model in well agreement with the experimental results. The experimental impact pressure is also well predicted by the LG model. The viscous dissipation is underestimated in the laminar model and overestimated in the RKE model. The turbulent viscous dissipation near the free surface is comparable to that inside the water in the LG model. The viscous dissipation near the free surface plays an important role in the dynamics of the two-phase flow with dynamic and complex deformation of the free surface such as the dam break flow.
